The view-point that energy is required for the fixation of nitrogen by the various forms of life seems to be generally taken for granted among biologists.
FREE ENERGY OF NITROGEN leIXATION
The standard free energy, AF °, of the reaction 1/2 N2(gas) -b 5/40~(gas) -b 1/2 H20(liquid) ~ HNOs (aqueous) is a small positive value, showing that at standard conditions this reaction is not spontaneous and will proceed only with the addition of free energy. At standard conditions all the reacting substances have unit activity; that is to say, the gases have fugacities of one atmosphere (for the present calculations their pressures may be considered equal to their fugacities), the water is pure, liquid, and at atmospheric pressure, and the concentration of the nitric acid is at the hypothetical 1 molah Let us now calculate the conditions in the plant when the above reaction will proceed without the addition of free energy, that is to say, when the free energy, AF, will be negative. Avoiding unwieldy overrefinements, let us consider as appropriate approximations, the pressure of nitrogen, .8 atmosphere; the pressure of oxygen, .2 atmosphere; the plant sap to have the same activity as pure water; and the activity of the nitric acid formed to be unaffected by the various foreign substances in the sap.
The standard molal free energies of nitrogen, oxygen, water, and nitric acid are respectively 0,0, -56,560, and -26,500 (calories) . Hence in this reaction a F ° is 1780. Now, A F ° = --R T In K = --1364.9 log K log K = log (I-INOa (aq._) / (Ns) ~' ((:h) t) = -1780/1364.9 = --1.304. Or, K =.0497 activity HNO3 = K X (.8)~ X (.2)~ = .0067
From the table containing the activities of nitric acid at various concentrations this value corresponds to a concentration of just .1 M. This means that, assuming the plant can catalyze the reaction, nitrate will form in the plant with the liberation of free energy so long as its concentration remains below .1 ~ or 6200 parts per million by weight. At this point ~F no longer has a negative sign but is equal to zero, since this is the equilibrium concentration. The heat of the reaction is -49,100 -(-68,310/2) ---14,940. Owing to the fact that the plant sap rarely if ever reaches a concentration of 6200 ppm., for every mol of nitrate which forms from air and water according to the above equation there are 14,940 calories of heat (not work) liberated for partial use as chemical energy. The more dilute the concentration at which the nitrate is formed the greater is the amount of available work (not heat) placed at the plant's disposal. Since nitrate in the plant sap fs removed s0on after its appearance, its concentration probably never rises much above, let us say, .001 ~. If we assume a maximum concentration (i.e. stationary state) of nitrate in the plant sap of 6 ppm. or .0001 M, and that the activity coefficient at this concentration is unity, then the following calculations show that the free energy is -7870 per tool of nitrate formed. K = (.0001)' / (.8) ~ (.2) ~ --8.6 X 10-s.
Similar calculations show that after making the permissible assumption that the heat of the reaction would not change significantly under conditions of such extreme dilution, the free energy of the reaction would equal the heat of the reaction, -14,94.0, that is to say, the process would be 100 per cent efficient, when the concentration of nitrate was 7 × 10 -6 ~ or .4 ppm. In the sap of some plants this is the highest concentration to be found. Indeed, in studies by Hoagland and Davis with the sap of Nitella cells it was found that, although the pond water in which Nitella was growing contained about .5 ppm. of nitrate, the cell sap contained no detectable amount. If this small concentration of nitrate results from the rapid use made of nitrate by the cell, it is evidence of how efficiently the fixation of nitrogen may be accomplished. Comparison of the free energy (-7870) at a nitrate concentration of 6 ppm. with the free energy ~ (-14,940) at the lower concentration of only .4 ppm. shows how quickly the free energy increases as the concentration of nitrate decreases.
A citation from Lewis and Randall 2 wiIi illustrate the significance of this reaction. "It is to he hoped that nature will not discover a catalyst for this reaction, which would permit all of the oxygen and part of the nitrogen of the air to turn the oceans into dilute nitric acid."
Although foreign to the discussion of nitrogen fixation, it might be remarked that the energy needed for the reduction of nitrates following their fixation may be supplied by radiant energy in the case of higher Plants. In leguminous plants, should the nitrogen-fixing bacteria produce nitrates, they might release these into the sap where they could be carried to the leaves and reduced by sunlight at no energy expense to the organism.
It will be noticed in the foregoing equation that oxygen gas is required as a reactant. Does the equation for this reason fail to serve for anaerobic organisms, such as Clostridium, which can fix nitrogen in the absence of oxygen? We may escape this conclusion by postulating the formation of oxygen gas incidentally to some other metabolic process; a feasible supposition in absence of data known to preclude a small but continuous production of this gas during fixation. A continuous and restricted production of the gas may occur and yet escape detection, owing to the immediate use made of it by the organism. The fact that, if such a source be supposed, the activity of the oxygen in the equilibrium constant would be reduced, would affect the conclusions at issue only as regards quantities involved. Against the value of this possible source of oxygen as support for the main contention of this paper, it may be objected that, assuming the production of oxygen gas under anaerobic conditions, would not energy be require d for its ~roduction, and so leave on hand the same occasion as before for assuming an energy requirement for the fixation of nitrogen by anaerobes?
Admittedly, an examination of the score of available free energy data of organic compounds conclusively suggests energy requirement for the production of oxygen. A striking and obvious case is found in the reaction of formic acid to yield oxygen and formaldehyde, the standard free energy having a positive value of about 60,000 calories, an enormous amount when considered relatively to the free energies of either of the compounds, which are, respectively, -87,920 and -30,000 (approximately). And in general this behavior might be expected from most if not all organic compounds. However, there might be exceptions, since such inorganic exceptions can be found. In the reaction of HBrO3 to yield HBrO and 03, 14,280 calories of heat are liberated and the standard free energy amounts to -21,980; and there are several inorganic reactions similar to this one, which is given merely as an example of possibility but not with a view to application. Hydrogen peroxide is another example and the yield of free energy is even larger than in the case just cited. There might be organic peroxides with a similar behavior.
However, in anaerobic processes oxygen need not be considered. The production of aqueous ammonia from nitrogen and hydrogen is attended by a negative standard free energy change of 6300 calories and a negative heat of reaction of 20,300 calories. This exothermic and free energy-yielding production of ammonia resembles that of nitric acid, and a similar correspondence holds between the effects which result from the formation and removal at high dilution of the two compounds ammonia and nitric acid.
Out of curiosity let us glance at the standard free energy which would be yielded if oxygen were present also. If the reaction proceeded according to
rather than in the manner above,
the standard free energy would be -62,860 as against the former -6300. This is a great increase, owing for the most part to the fact that oxygen of water as a reactant is replaced by oxygen gas. In the same way in the aerobic fixation of nitric acid if hydrogen were present making the reaction proceed 1/2 N2(g.) + 1/2 H2(g.) + 3/20,(g.) = ttNO8 (aq.); AF ° --26,500; AH --49,100; then a great deal more free energy would be evolved than in the original case discussed.
In these reactions the need for hydrogen production might be satisfied from several independent sources with no expense of free energy by the organism.
In anaerobic processes hydrogen is often an end-product incidental to metabolism, and wodI d waste if not conserved in fixation.
In both aerobic and anaerobic metabolism many reactions, more particularly the breakdown of organic acids, may proceed spontaneously to yield both hydrogen and energy. For example, HCOOH(aq.) = CO2(g.) -b I-~(g.); AF ° = --6340.
It may be argued that the organism sustains a net potential if not actual loss of energy when the reaction proceeds in this manner, rather than by combustion, when 61,000 calories of heat are yielded; whereas in the reaction cited the heat of the reaction is approximately zero. To this objection it is enough to answer that if no oxygen were present this energy could not be yielded. But assuming an occurrence of oxygen, then since the heat of combustion is less by some 40,000 calories than the heat of formation ( -101,000) there results a veritable gain of energy upon replacement of the HCOOH molecule. To object that the HCOOH molecule is not replaced under certain conditions is unwittingly to concede that under these conditions HCOOH is a waste product. Were HCOOH derived from glucose and oxygen gas, instead of from its elements, the difference between the heats of formation of ~ tool of glucose and 1 tool of HCOOH; that is to say, the veritable gain of energy, is still larger than the value 40,000 calories by 10,000 calories. And if the glucose were derived from carbon dioxide and water, instead of from its elements, then an enormous amount of energy is required for fixation providing that (1) it is not fixed as HNO3, (2) it is fixed as ammonia, the hydrogen coming solely from the glucose (or ultimately from the water), (3) the intermediate product is not a waste product. In terms of standard free energy, 65,900 calories are required at a pH of about 5, increasing as the sap becomes more alkaline, to a value of 78,500. The free energies would differ relatively little from the standard free energies (approximately 10 per cent). Such a reaction will be referred to later in discussing a paper by Linhart.
There are several organic acids whose heats of formation are greater than their heats of combustion, even greater than in the case of HCOOH, These acids are often the end and therefore waste products of anaerobic metabolism, not to say of aerobic metabolism. Indeed, Stoldasa a reports finding formic, acetic, butyric, and lactic acids in pure cultures of Azotobacter, an aerobic form. In these same aerobic cultures hydrogen gas was evolved.
Surprising as it may perhaps seem, an additional source of hydrogen 3 Stoldasa, J., Centr. t~akt., 2. Abt., 1908, xxi, 506. gas is the atmosphere. According to Spoehr,' the atmosphere contains .01 per cent by volume of hydrogen. That this estimate is meritorious, and in addition one which varies little, is indicated by a summary of the experimental determinations given by Mellor? The estimates of various investigators range from .019 per cent (Gautier) to .003 per cent (Rayleigh), the majority falling near the mean of these two values. In the following discussion the value of .01 per cent will be used. This particular value can hardly mislead since the probable variation from it has been indicated. This concentration of hydrogen, instead of being small, is about equal in volume to the carbon as carbon dioxide in the atmosphere. By weight the ratio of hydrogen to carbon is 1 to 6. The correspondhag ratio by weight in either proteins, carbohydrates, or fats is from 1 to 6 to 1 to 8. In bacteria 6 it is about 1 to 8. The quantities by weight of carbon and hydrogen in the atmosphere can therefore be considered equal when judged by the needs of the plant.
The following calculations will call attention, with the great suggestiveness of free energy calculations, to the potential importance of atmospheric hydrogen for plant metabolism, and in particular, for nitrogen fixation.
The equilibrium concentration of ammonia which might form from the nitrogen and hydrogen of the atmosphere, with the assistance of catalysts, is .2 ppm. in alkaline sap.
K ---'6340/--1364.9 = 4.65 log K = log (NI-I4OH(aq.)/(N2) t (H,) g (H20)) activity NH,OH(aq.) = K X (.8)~ (.0001) g = 4 X 10 4 ~ --.2 ppm. This value of .2 ppm. corresponds to the equilibrium concentration of .1 ~ for nitric acid. When hydrogen is also used to form nitric acid according to the equation the equilibrium concentration of nitrate is .16 ~ or 10,100 ppm., an increase of 60 per cent. The equilibrium concentration of bases will be raised by a greater hydrogen ion concentration while that of acids will be raised by a lesser hydrogen ion concentration. Thus in the equation if the sap is assumed to have a pH of about 5, the equilibrium concentration is raised to .6 ppm., a threefold increase over that in alkaline sap.
In passing, it will reward us to suggest how this large amount of hydrogen in normal air might play a r61e in the carbon dioxide assimilation of aerobic forms. the standard free energy required for the fixation of carbon dioxide would be halved. In this case it is important to determine the actual free energies, since the activity of the hydrogen gas is but 1/10,000 that of water. At a concentration of HCHO of 1 part per million, calculations show that there exists a negligible difference (2 per cent and 5 per cent) between the free energies and the standard free energies. For two reasons this might have been anticipated; the standard free energy values are very large; with the exception of oxygen all the substances occur to their first powers in the activity coefficient.
While we need hardly resort to the last named equation to explain carbon dioxide assimilation by .higher green plants, in view of the overwhelming evidence to the contrary which has accumulated since the time of Joseph Priestley, it may well be that those organisms, such as the sulfur bacteria, denitrifiers, hydrogen fixers, 7 elementary carbon fixers, 8 and others, which reduce inorganic forms of carbon Kaserer, I-I., Centr. Bakt., 2. Abt., 1906, xvi, 681 . s Potter, M. C., Proc. Roy. Soc. Lo1~don, Series B, 1908, lxxx, 239. without the aid of radiant energy, derive their energy not solely by the oxidation of non-carbonaceous substances with oxygen gas, but partially, at least, by the reduction of COg or other substances with hydrogen gas. In the same speculative vein it may be suggested that there is some degree of identity between those organisms which can fix nitrogen and those organisms which can utilize hydrogen.
It has now been shown that nitrogen can be fixed both exothermically and with the yielding of free energy either as ammonia or nitrate in aerobic processes and at least as ammonia in anaerobic processes.
Some may think that in nitrogen-fixing organisms the simple compounds like ammonia, nitrate, and others are never produced directly, and that what occurs is always the immediate formation of higher compounds with carbon. In other words, the plant may never be able to take proper advantage of the energy yielded by simple fixation. If so, and if energy can be plainly shown to be necessary for the arrangement of nitrogen into higher compounds, then there would be great reason to accept the view now held so widely, that energy is essential for the fixation of nitrogen.
To this argument which on the surface appears to carry weight, there are several objections. The author feels it advisable to enter rather fully into these.
First, physiological chemistry supplies no evidence which makes it probable or improbable.
Second, the formation of complex compounds from the simpler takes place very generally with the liberation of energy.
Third, to suppose that complex nitrogen compounds like amino acids can be formed in no more than one step would be contrary to the present principles of organic chemistry. To say the least, a very high (if not unheard of) order of reaction would need to be supposed to bring the direct formation of these compounds in keeping with our present information.
Fourth, leaving aside the question of an energy requirement in the formation of higher compounds from nitrogen gas, it is nearly certain that energy is not essential for their formation from ammonia. Appearance in this instance must not pass for fact. The energy needed to form the higher compounds may be the sum of endothermic changes of the carbon molecules and exothermic changes of the nitro-gen molecules, to use a distinction not permitted at present in talking of organic compounds. If this should turn out to be true, then to say that the average of nitrogen changes requires energy would be like saying that after an assisting engine had been fastened to the rear of a freight train and was actually aiding its motion, the freight train required power to pull the engine along. It is subsequent changes of the carbon molecule rather than of the nitrogen molecule that should involve considerable changes in energy levels, owing to there being a greater range of valence change.
Fifth, an analogy to the energy change in the formation of higher nitrogen compounds may be found in the energy change when a simple non-nitrogenous carbon compound of high energy content condenses to form a carbohydrate; and without question the average free energy change of this sort is small, and of a negative character. We have the prominent instance of 6 molecules of HCHO polymerizing to form 1 of glucose. The heat of formation of HCHO according to
has been determined only quite recently by yon Wartenberg and Lerner-Steinberg 9 to be -27,800. The heat of formation of glucose is -302,000. From this we see that about 150,000 calories are liberated during this polymerization, an enormous amount which approximates one-half the heat of formation and one-quarter the heat of combustion of glucose. The conclusions are not different when free energies are considered in place of heats of reaction. Certainly the standard free energy of HCHO would be only a trifle different from the heat of formation of HCHO, but let us assume that these are equal. The value of the standard free energy of glucose has been determined from unpublished calculations by the author to be -219,700. The calculations were made by the entropy method with the use of the very excellent specific heat data containing thirty experimental points on a temperature scale which ranged from 19.1 ° to 287.2° absolute, obtained by Simon? ° Consequently in the polymerization reaction, AF ° is about -72,000. In the plant the substances 9 yon Wartenberg, H., and Lerner-Steinberg, Z. Ang. Cl~m., 1925 , xxxviii, 591. 10 Simon, F., Ann. Phys., 1922 would hardly be in their standard states, but this value gives a good idea of the magnitude of AF when the reaction takes place in somewhat concentrated solutions. However, since there are six reactants to one resultant, the concentration of HCHO need not be very dilute before AF would become positive, in which case, true enough, energy would be needed for polymerization. In every instance of polymerization or condensation the effect of dilution is the same; that is, the greater the dilution the more positive does AF become. But the plant can very simply overcome this by removing the end-products so promptly that AF would be negative, and presumably this occurs. Thermodynamics cannot testify that the organism does this; but the very fact that the greater number of reactions in plants go merely with the aid of non-energy-supplying enzymes or catalysts, strongly supports the view that the plant must carry on its reactions at concentrations where free energy would not be required.
Sixth, the standard free energy of formation of a higher compound of nitrogen, carbon, hydrogen, and oxygen is known. For urea, AF ° is -47,280. Thus a great deal of free energy is yielded in the formation of this higher compound. When urea is formed, not from its elements, but from two simple compounds, as in the equation CO2(aq.) -b 2 N-H,(aq.) --urea(aq.) q-H20(1) AF ° is 5030, indicating that at standard conditions free energy is required. However, so long as urea is removed rapidly enough, then no matter how dilute the concentration of the reactants, the reaction will require no free energy. This particular reaction is typical of the reactions which ammonia may undergo with another compound to lose water, and shows that probably the standard free energy change in such condensations is small. Yet even assuming that this reaction when it occurs in a plant is at such a concentration as to require free energy, the free energy required in that event might well be drawn from a supply incidentally provided during the fixation of nitrogen into ammonia, and so the total free energy expended still remain negative.
Returning to the thermodynamic argument, there are other reactions for the free energy yielding fixation of nitrogen. HCNO (aq.) has a standard free energy of -29,000; urea, -47,280; and HNO, (aq.), --13,070. These compounds may spontaneously form on condition that hydrogen gas is a reactant. Were the hydrogen, and therefore part of the oxygen, derived from water, as in the case of nitric acid discussed originally, then nitrous acid would be the only compound not requiring free energy for its formation, and this would be the case only at quite high dilution. In the cases of C~N2(g.), CNI(s.), HCN(aq.), NO(g.), NOCI(g.), NO2(g.), N2Q(g.), and N20(g.), the standard free energies are positive. Accordingly, energy would be required if nitrogen is fixed as hydrocyanic acid, or as any of these substances. Since for assimilation, however, these fixed forms would be changed by reacting with water, to either an ammonia form or a nitrate form, the net result would be a yielding of free energy. For instance, in the reaction HCN(aq.) + H20 + 1/2 O2(g.) = NHa(aq.) + CO~(aq.) AF ° is -73,510. The standard free energy of formation of HCN is 27,520, consequently the net result of fixation is -45,990.
It would be profitable to consider a fixation reaction which has been the source of some confusion. The reaction for the hydrolysis of nitrogen by water, N~(g.) + 2 H20(1) = NI4-aNO2 has a positive standard free energy of 85,690. Lewis and Randall (1923) have calculated from this that a pressure (fugacity) of nitrogen of about 10 sl atmospheres would be required for ammonium nitrate to be formed at an equilibrium concentration of 10 -~ ~. G. Oddo n had measured (1915) the ionization of water in air. He found it surprisingly large and concluded that a considerable amount of NI-I~NO2 should be formed by the hydrolysis of nitrogen. Calculations show that he confused mechanism with equilibrium. Even were the water completely ionized, and 2 H + + 2 OH-substituted for 2 H20 in the above equation, the pressure of nitrogen required would still be 1053 atmospheres. Linhart, TM who was among the first to apply free energy data to biological problems, attempted to determine the efficiency of nitrogen fixation by A zotobacter. From analogy with somewhat related compounds, he made an elaborate calculation of the standard free energy of mannite, which was at that time unknown, even approximately. In seemingly arbitrary fashion he used the above highly endothermic and free energy demanding hydrolysis reaction (except that NH4OH (aq.) was the resultant). While the free energy data of nitric acid and ammonia may not have been available at that time, the heats of reactions as approximations might have been considered. Of all the possible fixation reactions he may have correctly chosen the one employed by Azotobacter. This hydrolysis reaction possesses a large positive free energy because oxygen gas is not among the reactants. Falk and McGee TM have obtained evidence that this hydrolysis reaction takes place to some extent in the presence of metallic iron, which they say they believe supplies the energy. Their evidence is not very extensive. The reaction goes appreciably in the electric arc, since only a few volts are needed.
There is experimental confirmation of the contentions in this paper. Workers on the nitrogen-fixing bacteria have themselves hesitated to deny that the wide ratio (of at least 1 to 50) of the nitrogen fixed to carbohydrate available might be narrowed were it possible to provide the organisms with more favorable conditions of environment. While experiments in general have not suggested that this ratio may be narrowed, Truffaut and Bezssonov 14 now present evidence that in the presence of nitrogen-fixing bacteria corn develops normally and reaches maturity in mediums devoid of organic nitrogenous matter, and that the ratio of the carbonaceous material excreted by the roots to the nitrogen fixed approaches 1 to 1. Some of the carbonaceous material would certainly serve to supply the carbon requirements of the organisms, in this way reducing the amount available for the supposed energy need in nitrogen fixation. And so, it is not at all obvious that the carbonaceous excretion functions as a source of energy. Since the carbonaceous excretion would contain about 40 per cent carbon, the ratio of excreted carbon to nitrogen fixed is only narrower. It is to be noted that in these experiments, in which according to the authors the fixation was probably done by anaero-13 Falk, K. G., and McGee, R. I:I., Chem. and Metal .Eng., 1923, xxix, 224. 1~ Truffaut, G., and Bezssonov, N., Sc. Sol, 1925, iv, 3-53. bic organisms (i.e. Clostridium), no sugar or carbohydrate excretions could be detected, but only organic acids (i.e. malic). The organic acids are precisely the substances some of which yield hydrogen with the liberation of free energy, as would be required were the equations presented in this paper to be employed.
There is strong evidencO 5 that Azotobacter fixes nitrogen as ammonia.
Still more relevant is the recent extensive evidence of ChristensenWeniger. TM He finds that the process of fixation by the nodule bacteria of several species of legumes is exothermic or nearly so. The energy requirements of the nodule bacteria were not met with by increased assimilating powers in nitrogen-fertilized legumes. Whether some of the nitrogen was supplied as fertilizer or some by fixation, the final dry weight was almost the same and from the small excess of growth in the fertilized plants he was able to fix the upper limits of the energy supply. He found the eventual requirements for the nodule bacteria so small as to be unimportant. He was quite aware of the exothermic heat of formation of ammonia.
If the nitrogen were fixed by the bacteria as nitrate, which might then be reduced in others parts of the host plant by means of radiant energy, this might in a measure explain the seemingly less efficient assimilation of nitrogen by the nodule organisms in pure culture, since there they would need more energy to reduce the nitrate.
SUMMARY.
Fixation of nitrogen even with liberation of energy or free energy, will take place if either oxygen gas or hydrogen gas, or other substances, especially gases, whose standard free energies are close to zero, are involved to form either nitrates, ammonia, or cyanide, not to speak of still other compounds. It has been pointed out that there are two and only two general conditions where nitrogen fixation can require energy. These are, first, if nitrogen reacts with some compound like water with an already high negative free energy of formation and where negligible oxidation of nitrogen would occur; second, a5 Kostyschew, S., Ryskaltschuk, A., and Sehwezowa, 0., Z. physiol. Chem., 1926, cliv, 1. l~ Christensen-Weniger, F., Centr. Bakt., 2. Abt., 1923, lviii, 41; Chem. Abstr., 1925 , xix, 2509 if the plant does not take advantage of working at concentrations where the process would yield free energy. If nitrogen fixation is exothermic and free energy-yielding, how is the carbohydrate requirement of nitrogen-fixing organisms to be interpreted? Are the experimental determinations of the carbon to nitrogen ratio purely circumstantial? Is further hope given to those who may experimentally try to narrow this ratio to where the carbon used is only for the carbon requirements of general metabolism, exclusive of fixation? Do not hypotheses concerning the fixation of nitrogen in the evolutionary process, which are based on the conception that energy is required, lose some of their significance? Does it not suggest that perhaps fixation is far more universal than is supposed among living forms, particularly among the higher green plants, and thereby give encouragement to those who may wish to demonstrate this experimentally? Does it not indicate that perhaps the function of fixation is often to obtain energy for use in general metabolism? Is the general carbohydrate metabolism of the fixation forms to be regarded as being merely extremely inefificient? Or most suggestive of all, is the carbohydrate serving some unobserved function?
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